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e Overview

* Process Development

- JTE

— Devices

* Diodes
* GTOs
e JFETs

* Package Development
— SPCO Package Approach
— K Technology TPG encapsulated material

* CHPS applications
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se=4 \egawatt Program Objectives

Develop SIiC Power GTO, JFETs and pn junction
diodes with capability up to 5000V/1000A for use in

Utility Power Systems

/Achieve intermediate goals of 1kV/5A devices to
support Combat Hybrid Power Systems Flywheel
Inverter construction

Initiate the development of a packaging approach
for a 5kV/200A package
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SiC Evolution

H EH E M)
5kV, 200A
DARPA TDRAISIC:\;PS'?C GTO, diodes
4H SiC Materials : 2001
Consortium \
DARPA/ EPRI
i itiati 2 Drop off of SiC
Megawatt SIC Initiative 1é\T/b5g,iolgr;r: Switehes to CHPS
! along the path to
5A JFET 5kV,1000A goal
5kV diodes
2000
DOE/DARPA _
$2000 Electric DARPA Combat Hybrid
' Power Train Power System
with Porous Metal
Heat Exchangers Auburn
NG STC, Cree, :
SatCon All SiC DC/DC Converter
500V, 100A Input
10kV, 12.5A Output
0.2sec pulsed
To be tested in 2001
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SiC DC/DC Converter demonstrates merits

of higher frequency and temperature

Present Technology
15TW Si_PFN charger ..

3 to 5 kWi/liter

50 kW/liter
10 X Size
Redyctior

Technology
Impact
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JFET Courtesy of
Controlled S_PCO
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SiC Power Device Consortium
NGC

1.0 Wafer and Epi Processing
NGC

2.0 Advanced Processes and

Device Design
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3.0 Device Fabrication
NGC

Device De<’
Nate

Process Development
NGC

4.0 Test and Ev-'
N[ela

5.0 Package Develonm~

SPCO & k-Te~!
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H EEMN)
GR (15 rings max) JTE (2 zone)

Ti/Pt/Au

Ti/Pt/Au

Sio N Sio ‘[ 2 Ni 0,
t
t < > > < D
L Ls Lg J Lb La L La Lb
n* SiC (~1E15cm?) n SiC (-1E15cm)
n* SiC
—r - 0
1mm GR 1 | 1mm JTE ]
Diode : Diode i e i
3170V -
(compliance) ' D865V
500pA - 500uA
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High Voltage Diode Edge

Termination

1 mm Diode
Edge Transition

Bonding Pad

Ground

SO,
Dielectric
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Multizone JTE reduces Surface fields

by Order of Magnitude

Surface field and voltage Surface field and voltage

for 15 field rings for a 10 zone JTE
Peak surface Field=4E6 V/cm
_ 4M
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- | n =200k 0 e
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Single Diode achieves >3KV and >10A

Assembly achieves >3KV & >100A
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80A

60A

40A

20A 1 | / . 560A/cm?

OA S e
4v 8V 12V
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Reverse Voltage @ <50uA

80 B
70! o 1mm

60
50

B 2mm]

40
30
20
10

0-200 200-400400-600600-800 800-
1000

-Strong dependence on epi quality

1000-
1200

-Reasonable (40%) yields even at 2 mm
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Forward drop decreases with temperature

Fwd V vs. | as a function of Temperature

—o— 25
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JFET & GTO

Source Interconnect

Ti/Pt/Au / N
SiO2 Source Si02 Source SiO2
n* implant n* implant 'J FET
Gate Gate Gate
n SiC
n*t SiC
Anode Anode
TiPuA —
Gate Ni Gate Ni Gate
p** Sic p** Sic
— I o I s
n* implant n* implant n* implant
GTO - n SiC
SiO,
n*| |n* n*| |n*
GR| |GR p° SiC GR| |GR
p SiC buffer
n+ SiC
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* GTO anode finger designs:

*GTO edge terminations:
20 GR
20 zone JTE

epnp and npn BJT test structures

* pnpn and npn test diodes with
GR and JTE edge terminations

*PCMs for evaluation of:

Electrical properties of top 4 layers
Ohmic contacts

Electrical activation of implants

» Area for SIMS analysis

KIC
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1mm GTO achieves 20A cell

2mm GTO achieves 2.8kV

Voltage (kV)
-0 -2.5 0

C1 Pk—Pk | | | |
2.22V ;

C3 High
2.00¥

C2 Max - 2.8kV, 30mA
s30mv | leakage |

o
S

Current (mA)

C3 Fall
284ns
1 Low signal
amplitude

700V 500mvV M 2.00js ChZ F T20MV 24 Mar 2000 -100
Ch3 1.00v Chd 500V 1:a1:21
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30A assembly

Tek Run: 50. DMSH? Sample Trig?]

B0 ST U S 3 I

. FURTHF RRPTRI TF TR TR Y T PR TR I RRNErE |
Eﬁ e rting s i s

WEE 200mV M 2.00ps CR2 v  —44mv

Ch3 500mv

NORTHROP GRUMMAN IC[C

Silicon Power COrporation ,
/r k Technology Corporation

"Use, duplication or disclosure is subject to the restrictions & stated in Agreement MDA972-98-3-0009 between the Government, EPRI and NG."




GTO Yields ~ 25%@ 2 kV

JFET Yields >50% @ 4A

30 micron GTO JFET
35
30
30 —|
25 1 1 18
20 477 |
15 -
a1 @A
J_J..U
10 T T ﬂ T T
5 1 0-1 1-2 2-2525-3 3-3535-4 4-5 5-6
0 [H Id @ 2.5 volt fwd drop
500 1000 1500 2000 2500 2800 X
@ Number of Devices
@ Number of Devices %
%
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Turn off Characteristics for JCT

H E NN
GTO Turn off Gain JFET Current
2 8
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1.8 o
< N 6
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E 1.4 33
> 3
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1.2 3 °
2
1 0
0 100 200 300 400 0 100 200 300 400
Temperature (Deg C) Temperature (Deg C)
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AN : Errrel
Sl Device Summary

LB B E N N
*Phase | and Phase 2 device goals exceeded

Phase 1 Phase 2
*Diode: 2A cells,30A, 2kV 10 A cell, 100A, 3kV
*GTO: 2A cells, 30A, 2kV 10A cell, 30A, 2.8 kV
«JFET: 1A cells, 5A 2.5A cell, 25A

eDemonstrated 30A JCT
*Yields for 1mm above 50%,

*Yields for 2mm are encouraging- >30%
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Design Specifications

®* Current: 200 Amperes

* \Voltage: 3kV

® Temperature range: RT - 250C

* Power density up to 1250 watts/cm?

® Device Specs:

e RT:
— GTO -2mm x 2mm/ 20Amp @5 Volts
— JFET - Imm x Imm/ 3Amps @ 2 Volts
e 250C

— GTO ->20Amp @5 Volts
— JFET -1.0Amps @ 2 Volts
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e High GTO power density:
20A/5V/ Area= .04 cm?/50% Duty
=) 1250 Watts/cm? Q

e High temperature T
* Inductance in gate ckt. o
* Resistance in gate ckt. O

* Height variations from device to |
device can result in large B
mechanical stress when -
paralleled. X

* High E-field on top side of GTO
cell (3kV across 220 nm gap)

NORTHROP GRUMMAN " .
Silicon Power COrporation kIC

rnor GAumAN

"Use, duplication or disclosure is subject to the restrictions & stated in Agreement MDA972-98-3-0009 between the Government, EPRI and NG."

k Technology Corparation




GTO (x2)

4Metalized/Plated

AIN

/

k Top Vi > o JFET (x18)

Bottom View
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*Dimension: 1.440” (36mm) x
1.440” (36mm) x 0.200” (5mm)
*12 GTOs

*108 JFETs

3 stage AuGe bond process
«Zerconia Silicate dielectric filler
(225v/mil, >500C)

CuW Encapsulated
TPG w/ Vias

> 88%AUu-12%Ge

40 Amp JCT Module (x6)
(88%AU-12%Ge)

AlLO,/DBCuU —

88%AU-12%Ge

AIN/DBCU —

Cu/Au Foll
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200 Amp JCT Package

(Continued)

Cathode

CuW Encapsulated TPG w/ vias

L1 I
|

"\

i

]
L1 I
I T |

il

L]
)

T

Cu ball viasrated at
>50Amps
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Thermal Pyrolytic Graphite (TPG) Encapsulant
Kxx=Kyy = 1700 W/mK
Kzz=10 W/mK

* Material Concept

— The TPG Insert Provides a High Thermal Conduction Path
— The Encapsulation Material Provides Tailorable CTE Mounting Surface

— There Is Negligible In-plane Structural Coupling Between the TPG and
Encapsulant

TPG Properties
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TPG Insert

AlSIC/TPG Heat Spréader _
— Al Via

TPG
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* Finite Element Model GTOs (12x)

— ABAQUS Finite

Element Code St
B e
L e S
— 3D Heat Transfer =
Element =
— 4800 Nodes o T JFETs (108x)

— 3393 Elements

— Processed on HP z Die Substrate

¥
C3000 Platform kx
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o>

Case 1
Back Surface Convection
Material - CuW
Thickness - 0.6mm

Maximum Temperatures
— 285°Cat GTO
— 235°C at JFET

=l
nnnnnn

qqqqqqq
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Thermal Analysis

Case 2
* Circumferential Cooling
Material - CuW
Thickness - 0.6mm

* Maximum Temperature °
— 566°C at GTO ¢
— 515°C at JFET

PRI B B A 20T B

Silicon Power COrporation

H EHE N
Case 3

Circumferential Cooling

Material - CuW
Encapsulated TPG

Thickness - 0.6mm
Maximum Temperature
— 169°C at GTO
— 112°C at JFET
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=
Summary

Megawatt demonstrates enhanced thermal and
electrical properties of SiC

*As substrates are improved larger devices will be
feasible

*Single Devices achieve >500W/cm, >20A, >3kV
sAdvanced packaging concepts will integrate a
200A package with advanced TPG materials
CHPS will provide a near term demonstration
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é CHPS Air cooled, upgradable modules
2V =\ deliver 0.2 sec pulse at 150 kW

TARDEC

HEEEN)
10 kV

wave rectifier

4 kV/12.5A Full 4 kV ‘

>

DC || 0

Bus -

Bl EEE | @

O

A

Module holds 500V/100A H Bridge
with four 100A sandwiches Three 50 kW modules in
400C junction temp. on switches series to achieve 10kV
and 250C on rectifier 100 kHz and 150kW for 3

modules in series
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First samples of Substrates using BeO for both

-}\A Switch and Rectifier received TT0.
TARDEC el TG ee
H EENB)
eO * We have settled on BeO as the
substrate material
Alumma | | / | — AIN process needs more
development--- beyond CHPS
B \// — In addition to better yields, this
Gold/Germanlum Solder Copper metalization drove the selection of 1x1mm

Gold Plating )
devices.

Sandwich Implementation
indicates basic approach works
— 100A Switch Design in Progress

— Alumina Feedthrus production
process optimized

NORTHROP GRUMMAN m SatCom
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Device Yields have been Good

TARDEC

Low Voltage Diode Yield- 70%  GTO Yidd - 53%

CHPS Production Diode CHPS Production GTO's
90
80
100 70
80 T 60
o @ 50
T 60 >
Nt © 40
< 40 30
20
20 10 .
0 —[Eﬂmm'ﬂﬂﬂl‘m“fﬂ“rl&ﬁmu‘m o by T |Jﬂulmﬂ|ml%lﬂmlmlm
X X ® ® S ®
U5 LaSSB & L»?Q Ea & & & Lsis)u\s@ 5 U5 bﬂ@ & L)@ 359 & A bsé9 & u\s@ B
Reverse Voltage @ 50 uA Reverse Voltage @ 50 uA
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TARDEC

D D1

R

D3 D2

Au-Gebrazing

Top substrate

Au-Au thermo-
ompression bong
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TARDEC

Tek Run: 25.0MS!§ Sample |IRFE
.
L T

1
AC Current
DC Voltage
Chi 0.0 AC QB 500V  M2.000s ChiF — 2.4A 7 Sep 2000
13:02:21
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TARDEC

LN e RN N
® Process: 380°C for 120 sec at 3-6 kgin air
e High temperaturebond: Au-Au solid diffusion. &

¥
Flip chip bonder -8-8- 8
¥

u layer - L
Au Pad

— oly Talp -8 B

Ni Layer

—
Au layer™

Au finger for anodg
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A A Switch Sandwich

TactE T!hfioe

TARDEC
H B ENB)
Switch #1 - 5A at 400V
Tek Run: S0.0MS:’? TSampIe ]
Switch Voltage
C3 High
5.04 A
Switch Current
C3 Fall
228ns . (5TO Gate Current
JFET Gate Voltage

Chi~ 700V Ch2 1.00A  M2.000s ChZ % —200MA 5 Sep 2000
Ch3 2.00A [F 25.0V

i [ 9 A . S — fﬂ C
AU N 0
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